Cell growth and division require nutrients, and proliferating cells use a variety of sources to acquire the amino acids, lipids, and nucleotides that support macromolecule synthesis. Lipids are more reduced than other nutrients, whereas nucleotides and amino acids are typically more oxidized. Cells must therefore generate reducing and oxidizing (redox) equivalents to convert consumed nutrients into biosynthetic precursors. To that end, redox cofactor metabolism plays a central role in meeting cellular redox requirements. In this Minireview, we highlight the biosynthetic pathways that involve redox reactions and discuss their integration with metabolism in proliferating mammalian cells.
Proliferation imposes a biosynthetic requirement to support cell growth and division. To divide, a cell must replicate each of its components. All cells, whether proliferating or not, require a source of energy and reducing power to maintain homeostasis and combat stress. Proliferating cells must also duplicate their macromolecular contents: DNA, RNA, proteins, and lipids; to meet this demand, the proliferating cells carry out diverse metabolic reactions to generate the precursors for these molecules (1) . Mammalian cells thrive in diverse environments where nutrient concentrations vary, so which nutrients are used and how these contribute to macromolecule precursors is not always evident from the metabolic network alone. Current studies seek to understand how metabolism supports proliferation in diverse cell types and environments. Many reactions involve the reduction or oxidation of substrates, and an understanding of cellular metabolism requires a careful consideration of redox reactions involved in biosynthesis.
Mammalian cells can proliferate in a variety of contexts. Regulated proliferation is found in developing embryos, stem cells, and immune cells, whereas cancer is a disease of uncontrolled proliferation. In all cases, proliferating cells have essentially the same macromolecular requirements, but the pathways different cells use to meet these metabolic demands differ, and there is growing interest in exploiting these differences for therapy (2) (3) (4) . Drugs that alter redox status, such as mitochondrial inhibitors, can have significant effects on cellular metabolism and impact diverse cancers. For example, patients taking the mitochondrial inhibitor metformin have a lower risk of death across a variety of cancer types, and metformin is being investigated as a potential cancer therapy (5) . Chemotherapies targeting nucleotide synthesis and DNA replication have been a mainstay of cancer therapy for decades, illustrating that inhibition of metabolic processes has the potential to stop proliferation.
In this Minireview, we describe the metabolic requirements of proliferating cells and examples of how they are met, discussing in particular which redox reactions support macromolecule synthesis. This provides a framework to understand how cellular redox status supports proliferation in a variety of contexts, including cancer.
Redox reactions for biosynthesis
Biosynthetic pathways often involve reduction and oxidation (redox) reactions, and pyridine nucleotide cofactors (NAD(H) and NADP(H)) serve as carriers to provide and remove electrons for most of these reactions ( Fig. 1) (1, 6) . NADPH is used in reduction reactions, and cells maintain a high NADPH/ NADP ϩ ratio to ensure that these reactions are favorable (7, 8) . Conversely, NAD ϩ is used as an electron acceptor to oxidize biosynthetic intermediates, and the NADH/NAD ϩ ratio is can be very low in proliferating cells (9, 10) . The exact values of these ratios differ between cellular compartments and across growth conditions and impact which enzyme-catalyzed reactions are favorable in different contexts. Importantly, numerous shuttles link cytosolic redox metabolism to other compartments, so manipulating redox metabolism in one organelle can broadly impact cellular metabolism. Often a substrate is reduced in one compartment and transported to another compartment where it is oxidized, allowing redox equivalents to be shuttled throughout the cell.
NADPH provides electrons for lipid, deoxyribonucleotide, and proline synthesis. Outside of biosynthesis, NADPH is also required to maintain a reduced intracellular environment and combat oxidative damage; consequently, proliferating and quiescent cells are reported to maintain similar NADPH/NADP ϩ ratios (11, 12) . Several reactions can generate NADPH, and both the oxidative pentose phosphate pathway and mitochondrial reactions are important contributors to NADPH synthesis ( Fig. 1A) . In many cell types, the oxidative pentose phosphate pathway, which produces two molecules of NADPH per molecule of glucose 6-phosphate (Glc-6-P), is the largest contributor to the cytosolic NADPH pool, but cytosolic malic enzyme 1 may cro THEMATIC MINIREVIEW play a role in some contexts (13, 14) . The first enzyme of the oxidative pentose phosphate pathway, Glc-6-P dehydrogenase, generates NADPH but is also strongly inhibited by NADPH, ensuring that pathway flux responds to changes in NADPH/ NADP ϩ ratio (15) . In the mitochondria, NADPH can be generated by malic enzyme 3, isocitrate dehydrogenase 2, and onecarbon cycle enzymes, and the relative contribution of each enzyme varies among cellular contexts (13, 16 -18) .
Cells use NAD ϩ to remove electrons from the nutrients they consume, such as sugars and lipids, which are reduced relative to many metabolic intermediates (Fig. 1B) . The reactions of glycolysis and the tricarboxylic acid (TCA) 2 cycle convert NAD ϩ to NADH, and this favorable oxidation of nutrients, ultimately yielding carbon dioxide, allows cells to derive energy from the nutrients they consume. Many intermediates of these NAD ϩ -dependent pathways are also important precursors for biosynthesis, and NAD ϩ is directly used to oxidize precursors of some nucleotides and amino acids (1, 19, 20) . Interestingly, the NADH/NAD ϩ ratio is lower in quiescent cells perhaps because of decreased consumption of NAD ϩ by biosynthetic pathways (11, 21) . Regeneration of NAD ϩ is necessary to support the activities of a variety of metabolic pathways. In the cytosol, this is accomplished by lactate dehydrogenase (LDH), a highly expressed enzyme that converts the glycolytic product pyruvate into lactate (22) . Proliferating cells generate large amounts of lactate, allowing high glycolytic flux to support the generation of ATP and biosynthetic precursors (23) (24) (25) (26) . The mitochondrial electron transport chain (ETC) also serves to regenerate NAD ϩ by converting oxygen to water, and when coupled to ATP synthesis, this process of oxidative phosphorylation can be a critical source of ATP for proliferating cells (27, 28) . In producing pyruvate from glucose, glycolysis generates NADH, which can be converted back to NAD ϩ by LDH; therefore, conversion of glucose to lactate consumes and regenerates equal amounts of NAD ϩ . As a result the conversion of glucose to lactate is unable to recycle the additional NADH generated by oxidative biosynthesis, and this must be accomplished by alternative reactions, many of which involve mitochondria. Consequently, reduced mitochondrial activity, resulting from either hypoxia or pharmacological inhibition of the ETC, can dramatically reduce the availability of NAD ϩ for biosynthesis.
Cells lacking mitochondrial DNA, for example, are dependent on an exogenous source of pyruvate or another ␣-keto acid, which is reduced by LDH to regenerate the NAD ϩ consumed by biosynthesis (20, 29) .
Although they do not use pyridine nucleotides, transamination reactions also involve carbon reduction-oxidation ( Fig.  1C ). Transamination reactions transfer an amino group between two molecules and are used to synthesize amino acids. In these reactions, glutamate is converted into ␣-ketoglutarate, and an ␣-keto acid is converted into an amino acid. Although no explicit redox reaction occurs, in each molecule a ketone and a primary amine are interconverted, changing the oxidation state of the adjacent carbon atom. Illustrating this fact, another reaction that generates ␣-ketoglutarate from glutamate is the glutamate dehydrogenase reaction. Glutamate dehydrogenase uses NAD ϩ to oxidize glutamate to produce ␣-ketoglutarate, showing that a change in oxidation state has occurred. In transamination reactions, an ␣-keto acid substitutes for NAD ϩ and is reduced to an amino acid. Transamination reactions are consequently linked to cellular redox status. For example, when alanine aminotransferase catalyzes the conversions of glutamate to ␣-ketoglutarate and pyruvate to alanine, it bypasses the immediate requirement for NAD ϩ to generate ␣-ketoglutarate, but ultimately this deprives the cell of pyruvate that could have otherwise been used by LDH to generate NAD ϩ .
The reactions that allow cells to generate NADPH and NAD ϩ are critical for biosynthesis even though they do not directly provide new cell mass. Proliferating cells must abundantly regenerate these cofactors by catabolizing consumed nutrients, and on the whole, cellular metabolism must be balanced. Just as the amount of carbon consumed must equal the amounts excreted and incorporated into cell mass, so too must the reactions that reduce pyridine nucleotides equal those that oxidize them.
Nutrient environment, cell type, and growth signals can each influence how a cell generates the macromolecule precursors it requires to proliferate. Both in vivo and in vitro, mammalian cells are exposed to complex nutrient environments (30) , and multiple pathways exist to generate amino acids, nucleotides, and lipids. The pathways that generate macromolecule precursors differ in both their use of nutrients and of redox cofactors, linking the use of a particular biosynthetic pathway to the availability of NAD ϩ and NADPH. The pathways proliferating cells use to generate amino acids, lipids, and nucleo- A, NADPH is used to reduce oxidized precursors, and NADPH can be regenerated from NADP ϩ by the oxidative pentose pathway, malic enzymes, and other reactions. B, NAD ϩ is used to oxidize reduced precursors in glycolysis, the TCA cycle, and biosynthetic pathways. NAD ϩ is regenerated from NADH by lactate dehydrogenase and by the electron transport chain, which reduce pyruvate and oxygen, respectively. C, transamination reactions involve a change in redox state for the substrates and products. Oxidation of glutamate to ␣-ketoglutarate reduces NAD ϩ to NADH or transaminates an ␣-keto acid to an amino acid. For all panels, the half-reactions in red are reduction reactions, and those in blue are oxidations. Abbreviations used are: ␣KG, ␣-ketoglutarate; pentose-P, pentose phosphate.
THEMATIC MINIREVIEW: Redox requirements of mammalian cells tides, which are the precursors of the vast majority of new cell mass, are described below.
Amino acids
Protein represents the largest fraction of cell mass, and acquisition of amino acids is a major biosynthetic requirement of cells. Cells can acquire amino acids through a variety of means, and cell type, environment, and genetics can all influence which are used. Mammalian cells can synthesize nonessential amino acids de novo but must obtain essential amino acids from the extracellular environment. Amino acid synthesis has a biosynthetic cost, requiring glycolytic or TCA cycle intermediates as well as redox cofactors and ATP. Thus, acquiring amino acids from the environment allows cells to spare these materials for other biosynthetic pathways. Notably, synthesis of many nonessential amino acids requires oxidation involving NAD ϩ and some require reduction by NADPH ( Fig. 2 ). Human plasma contains each of the 20 amino acids at concentrations ranging from 10 to 600 M. However, amino acid concentrations may be reduced in other fluids, limiting their availability to cells. In this context, acquiring amino acids from protein in the extracellular environment represents another source of amino acids (31) (32) (33) .
In some contexts, cells synthesize nonessential amino acids, and glucose is the source for several of these amino acids (Fig.  2 ). Most mammalian cells with high glycolytic flux excrete alanine as an alternative to lactate (34, 35) . Importantly, the central carbon atom in both lactate and alanine is reduced relative to the corresponding atom in pyruvate, so synthesis of lactate or alanine from pyruvate regenerates NAD ϩ . Most media formulations lack alanine, but alanine is not always synthesized in excess. Lymphocyte proliferation can be enhanced when alanine is included in media (36) , and pancreatic cancer cells can consume alanine produced by pancreatic stellate cells in vitro, indicating the potential for a metabolic interaction in vivo (37) . In that study, alanine utilization enhanced oxygen consumption, which might be necessary to recycle NADH produced indirectly by conversion of alanine to pyruvate. Another pathway supported by glucose is the serine biosynthesis pathway. Serine is generated from glycolytic intermediates through several reactions, the first of which is catalyzed by phosphoglycerate dehydrogenase, an enzyme that consumes NAD ϩ . Glycolysis itself consumes NAD ϩ , so synthesis of one molecule of serine from glucose requires two molecules of NAD ϩ . As a result, mitochondrial inhibition, which prevents NAD ϩ regeneration, has been shown to inhibit serine synthesis from glucose, increasing the dependence on exogenous serine (38, 39) . Serine can provide carbon for nucleotide biosynthesis and is further metabolized to produce cysteine and glycine, implying an NAD ϩ cost to synthesizing these amino acids from glucose.
Glutamine can supply carbon and nitrogen for synthesis of glutamate, aspartate, asparagine, and proline (39) . Glutamine catabolism is sufficient to sustain biosynthesis of these amino acids, and they are often excluded from culture media (40, 41) . Glutaminase activity produces glutamate, which can serve as a nitrogen donor for transamination reactions in the biosynthesis of other amino acids, such as serine and alanine (Fig. 2) . Proline synthesis from glutamine is up-regulated by oncogenic signaling to promote proliferation of lymphoma cells, and this amino acid is synthesized even when provided exogenously (42) . Of note, proline synthesis is unique in that it directly requires two Fig. 1 , transamination reactions are also oxidation/reduction reactions. Major pathways involved in regenerating NAD ϩ and FAD are also shown for reference. Substrate oxidation is indicated in blue; substrate reduction is in pink; and transamination is in green. Abbreviations used are: ␣KG, ␣-ketoglutarate; OAA, oxaloacetate.
THEMATIC MINIREVIEW: Redox requirements of mammalian cells molecules of NAD(P)H for reduction, linking its synthesis to NAD ϩ regeneration or NADPH consumption (43) . Proline synthesis has been argued to consume NADPH to drive pentose phosphate pathway activity (13, 42) , but loss of this activity is expected to impair proline synthesis only in cases where other NADPH-producing pathways cannot compensate (44) .
Unlike most amino acids, which can be used by cells when supplied exogenously, aspartate is synthesized de novo: most cells (except in the prostate and nervous system) lack highaffinity transporters for aspartate, and typical plasma aspartate concentrations are insufficient to enable its consumption (19, 45) . Aspartate synthesis is dependent on a supply of NAD ϩ , and this amino acid becomes limiting when respiration is inhibited (19, 20) . Conversely, enhanced aspartate synthesis has been observed in cells with an increased ability to regenerate NAD ϩ (46) . Aspartate is synthesized from oxaloacetate in a reaction that consumes glutamate, and oxaloacetate itself can be synthesized from glutamine through several oxidation reactions. Oxaloacetate may also be synthesized by the reductive carboxylation of ␣-ketoglutarate, which requires less NAD ϩ , and this pathway is favored during mitochondrial inhibition (20) . In many cases in vivo, glutamine is not used, and glucose provides carbon for aspartate synthesis via pyruvate carboxylase (47) (48) (49) .
Proliferating cells have a considerable requirement for protein synthesis and must meet the amino acid demand to grow and divide. Cell type and extracellular environment both influence how amino acids are acquired (33, 50) , potentially in part by changing utilization and availability of redox cofactors, and this can affect protein synthesis as well as downstream biosynthetic reactions.
Lipids
Lipids are a diverse class of molecules, and acquiring lipids is necessary for proliferating cells (51) . Lipids compose 50% of membrane mass, and they are also critical components of signaling pathways. Synthesizing membranes of the correct composition is critical for cell function (52, 53) . In mammalian cells, cholesterol, phospholipids, and sphingolipids are the major lipid constituents of cell membranes. Fatty acids are core components of these latter two classes and are also present in cells as triglycerides. Each lipid species can be acquired exogenously or synthesized de novo, and nutrient supply and growth conditions influence how cells meet this demand.
A large fraction of cellular lipids are derived from the extracellular environment (39, 54) . De novo lipid synthesis depends on a source of NADPH and potentially also on NAD ϩ , but utilization of exogenous lipids allows cells to circumvent these costs ( Fig. 3 ). Early work with proliferating lymphocytes demonstrated that exogenously supplied free fatty acids are incorporated into the lipid pool in these cells (55) . Breast and ovarian cancer cells stimulate lipolysis in co-cultured adipocytes and can consume the released fatty acids (56, 57) . Free fatty acids are not the only source of exogenous fatty acids. Hypoxic cells and cells with Ras activation utilize lysophospholipids present in serum as a source of unsaturated fatty acids (58) . Lymphocytes and fibroblasts express lipoprotein lipase, allowing them to consume and hydrolyze triglycerides as a source of fatty acids for biosynthesis (59, 60) , and some cancers overexpress other lipases to utilize exogenously esterified lipids (61) .
Although a large portion of cellular lipids originates from exogenous sources (39, 56) , glucose is a major carbon source for de novo fatty acid synthesis (58) . Active lipogenesis was first observed in tumor tissue slices by Medes et al. (62) , who noted that hepatomas incorporated more glucose into lipids than adjacent liver tissue. Pyruvate generated by glycolysis is decarboxylated by pyruvate dehydrogenase (PDH) in the mitochondria to produce acetyl-CoA, the basic building block of fatty acids. Synthesis of acetyl-CoA from glucose therefore requires THEMATIC MINIREVIEW: Redox requirements of mammalian cells two molecules of NAD ϩ , one for glycolysis and one for PDH (Fig. 3A) . In the cytosol, acetyl-CoA is used for de novo synthesis of palmitate (by fatty-acid synthase) and cholesterol. Synthesis of either lipid requires a large amount of reducing power, and two molecules of NADPH are needed for each acetyl-CoA that is incorporated into a saturated fatty acid (Fig. 3B ). In fact, lipid synthesis is estimated to be a major user of NADPH (13) . Fatty acids are diversified through elongation and desaturation reactions, and both require additional redox reactions. Sterol synthesis also requires redox reactions. In cells, fatty acids are esterified to glycerol 3-phosphate to produce phospholipids and triglycerides. Glycerol 3-phosphate is generated by the phosphorylation of exogenous glycerol or by the reduction of the glycolytic intermediate dihydroxyacetone phosphate, and proliferating cells obtain glycerol from both sources (63) . Phospholipids also contain polar headgroups derived from serine, and their synthesis consequently also depends upon redox reactions. Many cancers up-regulate enzymes required for de novo lipid synthesis, and there is current interest in targeting these enzymes (64) .
Glucose is not always the primary source of lipogenic acetyl-CoA. When cells are subject to mitochondrial inhibition, either as a result of hypoxia or genetic alterations, glutamine can serve as a source of acetyl-CoA for de novo lipid synthesis (Fig. 3A ) (65) (66) (67) . Lipid production from glutamine reduces the requirement for NAD ϩ , whose regeneration is limited when mitochondrial activity is reduced. Reductive carboxylation of glutamine-derived ␣-ketoglutarate by isocitrate dehydrogenase (IDH) uses NADPH to ultimately produce citrate, which can be cleaved by ATP-citrate lysate to generate acetyl-CoA. In addition to decreased availability of NAD ϩ , inhibitory phosphorylation reduces PDH flux in hypoxic cells, decreasing the availability of glucose-derived acetyl-CoA (68, 69) . Mammalian cells express three IDH isoforms, and reductive carboxylation can be carried out by the NADPH-utilizing IDH1 and IDH2, which localize to the cytosol and mitochondria, respectively (65) (66) (67) . The hypoxia-sensing pathway in mammals promotes this metabolic change, and the constitutive hypoxia-inducible factor activation in some cancers allows them to derive lipids from glutamine when oxygen is abundant (65) . Cells proliferating with ample oxygen can derive acetyl-CoA from glutamine, but glutamine carbon is a minor contributor to lipid synthesis in this context (39, 65, 70) .
Free acetate can serve as an additional lipogenic substrate for proliferating cells. Acetate can contribute to lipogenic acetyl-CoA when oxygen is abundant, but its contribution is increased in low oxygen (70 -72) . Acetyl-CoA synthetases (ACSS) are required to convert acetate to acetyl-CoA, and cytosolic ACSS2 is the primary enzyme that supplies acetate for biosynthesis (72) . Incorporation of free acetate requires ATP but no redox cofactors (Fig. 3A) , making it an attractive lipogenic substrate in hypoxia when NAD ϩ is limiting. Acetate concentration determines how much this substrate is used for lipogenesis (70) , and acetate concentration varies in human plasma ranging from 50 to 200 M (73). Free acetate in cells is predominantly generated by protein deacetylation, and a major role of ACSS is to salvage this acetate (74), raising the possibility that utilization of exog-enous tracer acetate for biosynthesis is, in part, a readout of exchange between extracellular and intracellular acetate pools.
Lipids can be obtained from both exogenous sources and de novo synthesis, and each lipid synthesis pathway has different dependence upon redox cofactors. For some proliferating cells, lipid synthesis is sufficient to fully support proliferation, as these cells can multiply in lipid-free conditions. Conversely, lipids are abundant in the plasma, and proliferating cells are not thought to be lipid-deficient in fed animals. Therefore, which sources contribute to cellular lipid mass and how de novo synthesis supports proliferation remains an open question.
Nucleotides
Nucleic acids are another integral biosynthetic requirement of proliferating cells. DNA is necessarily synthesized during the cell division cycle, and RNA, the majority of which is ribosomal, synthesizes protein. Nucleotides are the precursors for nucleic acid synthesis but also serve as cofactors for many redox, energetic, and biosynthetic reactions. As with amino acids and lipids, nucleotides can be derived from de novo synthesis or salvaged from exogenous sources, and de novo nucleotide synthesis requires multiple oxidations by NAD ϩ and NADP ϩ (Fig.  4 ). Many extant cancer therapies target de novo nucleotide synthesis pathways, and their ability to impair the proliferation of both cancer and normal cells underscores the essentiality of de novo nucleotide synthesis for many cells (2, 75) . All nucleotides are composed of a purine or pyrimidine base joined to ribose (or deoxyribose), which is derived from ribose 5-phosphate (Rib-5-P). Free ribose can be scavenged and phosphorylated by only a minority of cell types, and Rib-5-P is therefore synthesized from glucose by most cells (76, 77) . Rib-5-P can be generated through either the oxidative or nonoxidative pentose phosphate pathways, and recent work has identified signaling pathways that can enhance flux through these pathways (78, 79) . The oxidative pathway, which generates two molecules of NADPH per molecule of Rib-5-P produced, is proposed to be the primary source of Rib-5-P for biosynthesis in many proliferating cells (80, 81) ; however, the nonoxidative pathway may play a greater role in contexts where NADPH is abundant, as it is a potent inhibitor of the oxidative branch. Indeed, some cancers have been reported to preferentially obtain ribose from the nonoxidative pentose phosphate pathway (81) (82) (83) , arguing the NADPH may not be limiting in those cells.
Nucleotide base biosynthesis is closely linked to amino acid metabolism, requiring both amino acids and one-carbon units generated from amino acid catabolism (Fig. 4) . Consequently, amino acid synthesis plays a direct role in nucleotide biosynthesis as well, dictating whether purine and pyrimidine bases derive from glucose or exogenous amino acids. One-carbon units, individual carbon atoms covalently linked to a folate cofactor, are required for both nucleotide biosynthesis pathways and are interconverted by redox reactions (Fig. 4B ). Proliferating cells catabolize serine for one-carbon units to sustain nucleotide synthesis (84, 85) . As with protein synthesis, this serine can be obtained by oxidizing glucose carbon or from an exogenous source (86) . Recent work has highlighted the importance of mitochondrial function in one-carbon metabolism, and NAD(P)H can be derived from mitochondrial serine catab-THEMATIC MINIREVIEW: Redox requirements of mammalian cells olism (13, 18) . Mitochondria are also the major source of onecarbon units for nucleotide synthesis in the cytosol (16) . When mitochondria are inhibited and the availability of mitochondrial NAD(P) ϩ is reduced, however, the equivalent reactions in the cytosol can supply one-carbon units (87) .
In addition to serine and glycine, aspartate is essential to the synthesis of both purines and pyrimidines. As discussed above, aspartate must be synthesized de novo, and limitation for this amino acid impairs both nucleic acid and protein biosynthesis. Aspartate synthesis depends upon sustained mitochondrial activity, and cells become aspartate auxotrophs when mitochondria are inhibited (19, 20) . Interestingly, aspartate can become limiting for nucleotides sooner than for protein synthesis, and cells unable to synthesize aspartate take longer to arrest growth when adenine and uracil are supplied exogenously (20) . Beyond the substantial redox requirement for aspartate synthesis, nucleotide synthesis depends upon other redox reactions as well (Fig. 4A ). Pyrimidine synthesis requires ETC activity to regenerate quinones required for orotate synthesis, and cells lacking mitochondrial DNA are pyrimidine auxotrophs (29) . Guanine nucleotide synthesis requires NAD ϩ , and reduction of nucleotides to deoxynucleotides requires NADPH. By regenerating NAD ϩ and quinones and by supporting aspartate synthesis, mitochondria play an integral role in nucleotide metabolism. Consistent with this relationship, both nucleotide depletion and mitochondrial inhibition block proliferation by inducing senescence (88, 89) .
Some cells can bypass redox requirements by salvaging nucleosides or nucleobases if they are available in the extracel-lular environment. Tissues capable of salvage are resistant to nucleotide synthesis inhibitors (90) . Nevertheless, the concentrations of nucleosides and their bases in human plasma are rarely greater than 10 M (91), and circulating nucleosides are insufficient to rescue proliferation in many cases when cells in vivo are treated with nucleotide synthesis inhibitors. Consequently, de novo biosynthesis is an essential source of nucleotides for many proliferating cells, and inhibitors of this process might synergize with mitochondrial inhibitors that limit aspartate and NAD ϩ availability to further starve cells of nucleotides (6) . Nucleotide synthesis inhibitors are currently used to treat cancer, demonstrating that there is a therapeutic window to target these pathways relative to normal proliferating cells. The preliminary evidence supporting the use of mitochondrial inhibitors to treat cancer and their potential to inhibit nucleotide synthesis suggests that altered redox metabolism could provide other opportunities to selectively target cancer.
Conclusion
Mammalian cells can acquire macromolecule precursors through multiple pathways. Cells can synthesize a large number of these compounds, and whether or not a cell synthesizes macromolecule precursors and which nutrients it uses are determined by a variety of factors, including cell type and the nutrient microenvironment. Most biosynthetic pathways depend upon reduction or oxidation reactions. Consequently biosynthesis depends on the continued generation of NADPH for reduction and NAD ϩ for oxidation. Several reactions in the cytosol and mitochondria produce NADPH; however, mito- A, simplified schematic of de novo nucleotide biosynthesis highlighting the redox reactions involved. Ribose is produced via the pentose phosphate pathway, and synthesis of purine and pyrimidine nucleotides involve oxidation reactions. Both purine and pyrimidine synthesis use aspartate, which is generated from the oxidation of either glucose or glutamine (see Fig. 2 ). The use of oxygen to regenerate ubiquinone (Q) is also shown. B, formyl-THF, required for purine synthesis, is produced following the oxidation of one-carbon units derived from serine. Substrate oxidation is indicated in blue; substrate reduction is in pink; and products of oxidation reactions are in orange. Abbreviations used are: PRPP, phosphoribosyl pyrophosphate; Q, ubiquinone; QH 2 , ubiquinol; ribose-5-P, ribose-5-phosphate; THF, tetrahydrofolate.
THEMATIC MINIREVIEW: Redox requirements of mammalian cells chondrial electron transport chain activity or an alternative source of electron acceptors is essential to regenerate NAD ϩ . The conversion of glucose to lactate is net NAD ϩ -neutral, so glycolysis and LDH activity alone are insufficient to support biosynthesis. Cells deficient for mitochondrial DNA cannot proliferate without exogenous pyruvate that is used to regenerate NAD ϩ (20, 29) . Proliferation and biosynthesis cannot proceed without functional redox metabolism, and inhibition of these pathways renders cells dependent on exogenous macromolecule precursors. To exploit metabolic pathways for therapy, inhibitors of redox metabolism will be important tools to consider in conjunction with other agents that target metabolism.
